Growing evidence suggests that plant secondary compounds (PSCs) ingested by mammals become more toxic at elevated ambient temperatures, a phenomenon known as temperature-dependent toxicity. We investigated temperaturedependent toxicity in the desert woodrat (Neotoma lepida), a herbivorous rodent that naturally encounters PSCs in creosote bush (Larrea tridentata), which is a major component of its diet. First, we determined the maximum dose of creosote resin ingested by woodrats at warm (28-298C) or cool (21-228C) temperatures. Second, we controlled the daily dose of creosote resin ingested at warm, cool and room (258C) temperatures, and measured persistence in feeding trials. At the warm temperature, woodrats ingested significantly less creosote resin; their maximum dose was two-thirds that of animals at the cool temperature. Moreover, woodrats at warm and room temperatures could not persist on the same dose of creosote resin as woodrats at the cool temperature. Our findings demonstrate that warmer temperatures reduce PSC intake and tolerance in herbivorous rodents, highlighting the potentially adverse consequences of temperature-dependent toxicity. These results will advance the field of herbivore ecology and may hone predictions of mammalian responses to climate change.
Introduction
The ability of herbivores to tolerate plant toxins plays a crucial role in herbivore feeding behaviour and diet selection [1] . Plant secondary compounds (PSCs) are produced by plants as a defence against herbivory [2] . In turn, herbivores have evolved behavioural and physiological countermeasures to avoid, metabolize or tolerate PSCs [3] [4] [5] . The capacity of herbivores to consume PSCs has traditionally been predicted by the detoxification limitation hypothesis [1, 6] , which posits that all herbivores have upper limits for PSCs. These thresholds are largely influenced by intrinsic factors, such as hepatic biotransformation enzyme activity [7, 8] . Laboratory studies have established that mammalian herbivores ranging from domesticated goats and sheep [9, 10] to wild marsupials [11, 12] and rodents [13, 14] significantly reduce food intake to avoid overingestion of PSCs, thereby remaining below PSC threshold doses (i.e. the amount of PSCs willingly ingested by an herbivore [13] ).
Extrinsic factors are rarely considered in detoxification limits of herbivores, yet ambient temperature could be greatly impacting PSC tolerance in mammalian herbivores. Evidence from pharmacological [15, 16] and agricultural studies [17 -19] suggests that chemical toxicity is temperature-dependent, whereby compounds became more toxic at warmer temperatures. The mechanism, referred to as temperature-dependent toxicity, is the likely result of reduced liver function through changes in toxin clearance time, enzymatic reactions or gene expression of crucial detoxification pathways [20, 21] . In addition to artificial systems, there is evidence for temperature-dependent toxicity from an ecologically and evolutionarily relevant context. Data from two species of herbivorous woodrats (genus Neotoma) revealed that woodrats decreased food intake of toxic plants and demonstrated reduced liver function at warmer ambient temperatures [22] [23] [24] . The interaction between temperature and liver & 2016 The Author(s) Published by the Royal Society. All rights reserved. function could have critical implications for mammalian herbivores that must balance PSC detoxification with thermoregulation, particularly in a warming environment.
Here, we expand upon previous studies of temperaturedependent toxicity by investigating the effect of temperaturedependent toxicity on PSC tolerance in the desert woodrat (Neotoma lepida). We chose this species because woodrats from the Mojave Desert can ingest large quantities of creosote bush (Larrea tridentata; up to 75% of diet [25, 26] ). The resin from creosote leaves contains a complex mixture of hundreds of PSCs with the most abundant component being nordihydroguaiaretic acid, a phenolic ligand and known feeding deterrent [27] . Desert woodrats can consume doses of these PSCs that cause kidney cysts and death in laboratory rodents [28, 29] .
The objective of this study was to determine the effect of ambient temperature on PSC tolerance, as defined by creosote resin intake, in desert woodrats. We hypothesized that woodrats at warmer temperatures would display a lower tolerance to PSCs than woodrats at cooler temperatures. We provided ecologically relevant PSCs from creosote resin in experimental diets to N. lepida housed at different temperatures. PSC tolerance was measured by determining the maximum dose of creosote resin at cool (228C) and warm (288C) temperatures. We predicted that animals at the warm temperature would have a lower maximum dose than animals at the cool temperature. In a second experiment, we controlled for the dose (g per day) of creosote resin ingested by animals and measured PSC tolerance at cool (218C), warm (298C) and room (258C) temperatures. We predicted a gradient result, with animals at the warm temperature demonstrating low tolerances, animals at 258C demonstrating intermediate tolerances, and animals at the cool temperature demonstrating high tolerances for creosote resin.
Material and methods (a) Animal and plant collection
Woodrats and creosotes leaves were collected from the Mojave Desert in southwestern Utah (37806 0 N, 133858 0 W) in July 2011 and May 2012. Animals were transported to an animal facility at the University of Utah and maintained in the laboratory for three weeks before experiments. Plant material was stored at 2208C, and creosote resin was extracted from leaves as described previously. For further details, see electronic supplementary material.
(b) Temperature treatments
Animals were housed at cool (21-228C), room (258C) and warm (28-298C) ambient temperatures during experiments. These temperatures regimes were chosen based upon previous work investigating temperature-dependent responses in Neotoma [22] [23] [24] 30] , the ecological relevance for Mojave Desert N. lepida [24] and the metabolic physiology of N. lepida. In endotherms, there is a range of intermediate ambient temperatures over which metabolic rate is at its lowest and where mammals can maintain thermal homeostasis without additional energy expenditure called the thermal neutral zone (TNZ) [31] . The TNZ for N. lepida ranges 25-348C; thus, the warm (28-298C) and room (258C) treatments are within the TNZ of N. lepida, whereas the cool (21-228C) treatment is just below the TNZ [24] . None of the ambient temperatures used herein are considered thermally stressful to N. lepida, and similar food intakes at 258C and 298C confirmed equivalent energetic costs at these temperatures (electronic supplementary material, figure S1 ). Temperatures were regulated with thermostats and space heaters (DeLonghi, USA), when necessary, and were measured every 10 min with HOBO data loggers.
(c) Maximum dose of creosote resin at two temperatures
The effect of temperature on the maximum dose of PSCs ingested by N. lepida was determined in a feeding trial by gradually increasing the concentration of creosote resin added to the diet.
The maximum dose was defined as the greatest dose of creosote resin consumed by each animal within a 24 h period (g resin ingested per day) during the trial [13] . Woodrats (n ¼ 16) were acclimated to cool or warm temperatures for 14 -21 days before the trial was conducted. Woodrats were housed in metabolic cages (Lab Products Inc., USA), and were provided ad libitum food and water throughout the experiment, whereas the dietary concentration of creosote resin slowly increased from 0% to 12% over 21 days (electronic supplementary material, table S3). Total food, creosote resin and water intake, and body mass were recorded daily. Woodrats were removed from the experiment when they lost more than 10% of their starting body mass, because further loss could be lethal. Intake data were log þ 1-transformed. Maximum dose and average intake values were analysed with one-way ANOVAs across temperatures.
(d) Controlled dose of creosote resin at three temperatures
We conducted a second feeding trial to control for ingested doses (g per day) of creosote resin to ensure all woodrats consumed the same daily amount of creosote resin. The effect of temperature on food intake, body mass maintenance and persistence in the trial was determined for woodrats acclimated to one of three temperatures (cool, warm and room; n ¼ 10 per group) for 14-21 days. Woodrats entered a 10-day feeding trial and the amount of creosote resin ingested was controlled at a constant, daily dose of 0.36 g resin per day, which is below the maximum dose determined for warm and cool temperatures in the first experiment (electronic supplementary material, table S4). Woodrats were provided ad libitum food and water, and were housed in shoebox cages with feeder hoods (Lab Products Inc.) to permit accurate estimates of food intake. Body mass and intakes of food, creosote resin and water were measured daily. Woodrats were removed from the trial if they lost more than 10% of starting body mass, and the number of days the animals remained in the trial were measured as persistence. Intake data were log-transformed. Daily average intake data were analysed with one-way ANOVAs across temperature treatments with Tukey's honest significance difference post hoc tests. Persistence in the trial was analysed with KaplanMeier survival curves and pairwise comparisons with Bonferroni corrections were conducted across temperatures. Statistical analyses were performed in R (R Core Team).
Results (a) Maximum dose of creosote resin
Ambient temperature significantly affected the maximum tolerated dose of creosote resin ingested by desert woodrats. Warmacclimated (288C) animals had a maximum dose that was only two-thirds that of cool animals (228C; figure 1; F 1 
(b) Controlled dose of creosote resin
Creosote resin intake did not differ between temperature treatments during the second feeding trial (figure 3a; F 2,27 ¼ 1.7, p ¼ 0.206); all woodrats ingested on average 0.36 g resin per day. There was no significant difference in food intake between warm (298C) and room (258C) temperatures (figure 3b; p ¼ 0.346), but woodrats at the cool (218C) temperature ingested three times more food than animals at other temperatures (figure 3b; F 2,27 ¼ 87.7, p , 0.001). Initial body mass (F 2,57 ¼ 1.0, p ¼ 0.37) and water intake (electronic supplementary material, table S5; F 2,27 ¼ 1.0, p ¼ 0.37) did not differ across temperatures. There was a significant effect of temperature on woodrat persistence in the trial. Woodrats at 258C and 298C lost more body mass and were removed from the trial sooner compared with woodrats at 218C (figure 4; x 2 2 ¼ 22:3, p , 0.001). More than half of the woodrats at 298C were unable to maintain body mass through day 5, and no animals remained by day 10. Similarly, more than half of the woodrats at 258C dropped out of the trial by day 7 and only one animal remained by day 10. In contrast, all animals at 218C persisted through the end of the trial. However, there was no difference in persistence between 258C and 298C (figure 4; x 
Discussion
The interaction between ambient temperature and PSC tolerance is a relatively unexplored aspect of foraging behaviour, yet an interaction could have serious consequences for mammalian herbivores. Our results support the hypothesis that warm temperatures reduce ingestion of and tolerance to PSCs in the desert woodrat. The maximum dose of creosote resin was 30% lower with only a 68C increase in temperature. Moreover, woodrats were unable to maintain body mass at temperatures within the TNZ (258C and 298C), whereas woodrats at a cooler temperature just below the TNZ (218C) were able to maintain mass when ingesting the same daily dose of creosote resin. These results provide further support for temperaturedependent toxicity and highlight the potentially negative impacts of this phenomenon on mammalian herbivores.
A temperature-mediated decrease in PSC tolerance could alter woodrat foraging behaviour in nature. As demonstrated here, a critical food source for the Mojave Desert population (i.e. creosote bush) is more potent at warmer temperatures. Woodrats will probably reduce intake of creosote bush by changing meal size and frequency of meals [32] . Diet switching could also be a viable strategy for woodrats to avoid PSCs when annual forbs and grasses are available [25, 26] , but few alternatives to creosote bush exist during much of the year in the Mojave Desert, particularly during the hottest months [33, 34] . Additionally, changes in foraging behaviour could increase risk of predation. Given these constraints, woodrats may be forced to find new habitats to cope with decreased tolerance to creosote bush at warmer temperatures. Indeed, several species of small mammals including Neotoma have shifted their ranges to higher latitudes and elevations over the last 30-50 years, probably owing to climate change [35] [36] [37] .
Contrary to our predictions, there was no difference in persistence on a controlled dose of creosote resin at 258C versus 298C, which are both within the TNZ. PSC tolerance in woodrats was predicted to decrease as temperatures rise across the TNZ owing to decreased liver function, resulting from a reduced ability to dissipate heat at warmer temperatures [21] . It is possible that the animals made physiological changes (e.g. shunting blood to the periphery) or behavioural changes rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152387 in conductance to increase heat dissipation without reducing liver function. In addition, several liver enzymes are thought to play a role in metabolizing creosote resin ingested by animals held at room temperature [38] . We are currently investigating whether the expression of liver enzymes differs in woodrats exposed to different ambient temperatures. Our results not only have immediate consequences for Mojave Desert woodrats, but are probably also relevant to other species. Mammalian herbivores must balance the physiological challenges of detoxifying PSCs in their diet with thermoregulation to maintain homeostasis; both these functions are critical roles played by the liver [39] . Temperature-dependent toxicity may also impact other endotherms facing similar physiological challenges, such as omnivorous European starlings [40] . Furthermore, these effects could be size-dependent; smaller mammals inherently have higher energetic costs than their larger counterparts, but can dissipate heat more readily [31] . A broader investigation of temperature-dependent toxicity across endotherms is a promising avenue for future research.
Temperature-dependent toxicity has implications for herbivorous mammals experiencing increased temperatures as a function of global climate change. The frequency and severity of extreme events (e.g. droughts and heat waves) are expected to increase, particularly in desert ecosystems [41, 42] . Equally important is the documented rise in temperature minima, which can result in higher average surface temperatures [42] .
Recent work also predicts declines in food quality and availability with climate change [37, 43] . Temperature-dependent toxicity could amplify the impacts of these changes. Herbivorous mammals are crucial components of many ecosystems; thus, understanding their responses to climate change is imperative to developing conservation strategies.
In summary, our work provides novel evidence for temperature-dependent toxicity in an ecologically and evolutionarily relevant system, and supports the hypothesis that PSC tolerance decreases with ambient temperature. Our results help to fill knowledge gaps concerning the importance of extrinsic factors and their interactions with plant toxins in the current literature. A better understanding of these interactions will be likely to add a new dimension to the field of mammalian herbivore ecology. rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152387
